intestinal epithelium; mechanical deformation; phosphatidylinositol 3-kinase THE INTESTINAL MUCOSA IS SUBJECTED to repetitive deformation by several sources, including peristalsis (23) , shear stresses from endoluminal chyme (41) , and villous motility (69) . Such deformation can activate tyrosine kinase activity within the mucosa in vivo (6) as well as intracellular kinases such as extracellular signal-related kinase (ERK) (16) . In vitro, repetitive deformation stimulates Caco-2 and intestinal epithelial cell (IEC)-6 migration across a fibronectin matrix but inhibits migration across a collagen I matrix (74) , suggesting that deformation stimulates the intestinal mucosa in a complex fashion depending on fibronectin levels. Induction of migration in primary colonic lamina propria fibroblasts isolated from patients with inflamed Crohn's disease is also fibronectin dependent (9) . Fibronectin is deposited in tissue in settings of chronic inflammation such as Crohn's disease (66) and increased in the plasma in other conditions where gut motility is altered, such as sepsis (32) .
During normal gut function, the intestinal mucosa continuously experiences injury that must be repaired (42) to maintain the mucosal barrier. The first phase of healing is restitution, in which sheet migration of the epithelium occurs across the wound, independently of cell proliferation. In conditions of chronic inflammation or sepsis, mucosal injury is increased, and failure of mucosal healing with subsequent bacterial translocation may contribute to disease pathogenesis (13, 44, 72) .
Alterations in the mechanical forces acting on the intestinal epithelium or the intestinal epithelial responses to such forces could contribute to failure of wound healing. Indeed, previous in vivo work from our laboratory suggests that mechanical forces, such as that seen in a partial bowel obstruction, modulate wound closure (15). In vitro work has shown that repetitive deformation of intestinal epithelial monolayers stimulates Caco-2 or IEC-6 intestinal epithelial wound closure across a fibronectin substrate in an ERK-dependent manner (74) . ERK activation by repetitive deformation appears influenced by Src, focal adhesion kinase (FAK), and Rac1 (11) , but little else is known about the signals that mediate this motogenic effect. Both ERK and p38 have been implicated in mucosal wound healing in vivo (30, 60) . Furthermore, PI3K, AKT, and p38 have been reported to influence epithelial migration in the absence of repetitive deformation (25) . Glycogen synthase kinase-3␤ (GSK), a downstream substrate of AKT, influences microtubule alignment and bundling (35) and thus might also be involved in motility. The PI3K/AKT pathway itself has been shown to be involved in the ERK-induced stimulation of cell migration in uveal melanoma cells (71) , fibroblasts (10) , and intestinal epithelial cells not exposed to strain (12) . We therefore sought to evaluate the possible role of the PI3K-AKT axis and p38 in strain-induced cell migration.
MATERIAL AND METHODS
Materials. DMEM, oligofectamine, lipofectamine, Plus reagent, and GAPDH antibody were obtained from Invitrogen (Carlsbad, CA), Western stripping reagent from Chemicon International (Temecula, CA), human transferrin and mouse monoclonal hemagglutinin (HA) antibody (clone 12C5) for immunoprecipitation from Roche Applied Science (Indianapolis, IN), and trypsin and horseradish peroxidaseconjugated rabbit anti-mouse IgG from Sigma (St. Louis, MO). Phosphospecific antibodies to p44/p42 (pERK1/2), AKT, p38, GSK-3␤, (myosin light chain) MLC, phospho-tyrosine, phosphospecific antibody to AKT, horseradish peroxidase-conjugated anti-mouse IgG, and total antibodies to the same molecules were from Cell Signaling (St. Louis, MO). HA antibody was from Covance (Berkeley, CA), protein G-Sepharose from GE Healthcare (Piscataway, NJ), antibody to the PI3K p85 subunit from Upstate Cell Signaling Solutions (Charlottesville, VA), and MLC antibody from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture. Human intestinal epithelial Caco-2 BBE cells (48) and nontransformed rat intestinal IEC-6 epithelial cells (American Type Culture Collection, Manassas, VA) were maintained at 37°C as previously described (74) .
Matrix and inhibitors. We precoated Flexwell amino plates with 12.5 g/ml tissue fibronectin (Sigma) as described (8) . Cells were seeded at 300,000/well and studied after confluence. PD98059, PP2, LY294002, AKT inhibitor IV, SB203580 (Calbiochem, La Jolla, CA), SB415286, and blebbistatin (Biomol International, Plymouth Meeting, PA) were each dissolved in DMSO, diluted immediately before use, and added to the cells 1 h before exposure to strain.
Strain application. Confluent monolayers on Flexwell plates were subjected to mechanical deformation using the Flexcell Strain Unit (FX-3000; Flexcell, McKeesport, PA) as described (74) . Briefly, cells maintained at 37°C humidified incubator with 5% CO 2 were subjected to cyclic strain by a computer-controlled vacuum manifold using a 20-kPa vacuum at 10 cycles/min, producing an average 10% strain. Controls were in the same incubator but not deformed. Nonuniformity of strain was addressed by placing a Plexiglas ring in the center to exclude this area, where strain is less uniform. Cells experience reproducible elongation and relaxation in parallel with the repetitively deformed membrane with this technique (7) .
Migration. Confluent Caco-2 or IEC-6 monolayers on fibronectinprecoated Flexwell plates were subjected to 0 -24 h of repetitive deformation after 24-h serum starvation and induction of circular wounds using a 1,000-l pipette tip as described (74) . Wound areas were serially photographed on an inverted light microscope, measured on a Kodak Image Station (Perkin Elmer, Boston, MA), and compared with migration without strain.
Immunoblot and immunoprecipitation. Confluent cells serum starved for 24 h were subjected to 0 -60 min of cyclic strain, lysed on ice with protease inhibitors, and assayed for protein by bicinchoninic acid analysis (Pierce Chemical, Rockford, IL). Equal protein aliquots were either first immunoprecipitated with appropriate antibodies and Sepharose-G or resolved directly on 10% SDS-PAGE or 4 -20% gradient gels (Lonza, Rockland, ME), transferred to nitrocellulose (Hybond-ECL; Amersham Biosciences, Piscataway, NJ), blocked in 5% bovine serum albumin with 1 ml/l Tween-20, immunoblotted, and detected with ECL Plus (Amersham Biosciences) on the Kodak Image Station 440 CF PhosphoImager (Kodak Scientific Imaging Systems, Rochester, NY) as described (11) . All exposures used for densitometry were within the linear range.
siRNA transfection. 30 -40% confluent Caco-2 cells were transfected with nontargeting siRNA (NT1) or siRNA to AKT1, AKT2, FAK, Rac1, or Src (Dharmacon, Lafayette, CO) as described previously (68) . Under these conditions, we routinely obtain Ϸ90% transfection efficiency, as demonstrated by parallel studies using fluorescently tagged siRNA sequences (11) . Cells were exposed to serumfree media 24 h before study. Parallel immunoblots for AKT1, AKT2, FAK, Rac1, and Src demonstrated Ϸ50 -80% protein reduction.
FAK-AKT cotransfection. Caco-2 cells were plated at 70% confluence and cotransfected as described with HA-tagged FAK plasmids point mutated to change tyrosines (Y) to phenylalanines (F) at Y397, Y576/577, and Y925 (11) . After 6 h, media was replaced with normal media for 24 h, followed by serum starvation for 24 h before study. Transfection efficiency is Ϸ20% with this method (62) .
Cell adhesion assay. Cell adhesion assays under pressure were done as previously described (68) . Briefly, cells were seeded in six-well plates under ambient and increased pressure conditions using an airtight pressure box for 30 min after 60-min incubation with SB415286 vs. vehicle control (DMSO). Nonadherent cells were washed away, and adherent cells were counted microscopically to determine level of adhesion.
Statistics. We compared results using Student's t-test with Bonferroni correction for multiple comparisons or Wilcoxon signed ranks test for nonparametric data and considered P Ͻ 0.05 statistically significant. Data was expressed as the means Ϯ SE of at least three independent similar experiments.
RESULTS
Mechanical strain stimulates PI3K, AKT, GSK, and p38 phosphorylation. Repetitive deformation of Caco-2 cells for 30 min increased tyrosine phosphorylation of the PI3K p85 subunit 30 Ϯ 14% (n ϭ 4, P Ͻ 0.03, Fig. 1A ). Similarly, repetitive deformation induced in a time-dependent manner AKT-ser473 (n ϭ 10, P Ͻ 0.02, Fig. 1B ), GSK-3␤-ser9 (n ϭ 6, P Ͻ 0.01, Fig. 1C ), and p38 phosphorylation (n ϭ 6, P Ͻ 0.01, Fig. 1D ).
PI3K, AKT, GSK, p38, and nonmuscle myosin II are required for strain stimulation of migration. ERK has been previously reported to inhibit strain-induced migration in Caco-2 cells across fibronectin (74), so we next investigated the contribution of PI3K, AKT, GSK, and p38 to the motogenic effect of strain across Caco-2 cells. For these 24-h studies, 10 M AKT inhibitor IV proved toxic, so we used 1 M, which still prevented strain-induced AKT phosphorylation (not shown). We assessed migration after pretreatment with the PI3K inhibitor LY294002 (20 M), AKT inhibitor IV (1 M), the GSK inhibitor SB415286 (20 M), the p38 inhibitor SB203580 (10 M), the nonmuscle myosin II inhibitor blebbistatin (85.5 M), or DMSO vehicle controls. Blocking p38 prevented the motogenic effect of strain, whereas blocking PI3K, AKT, GSK, or nonmuscle myosin II reversed it (n Ն 25, P Ͻ 0.05 for each, Fig. 1E ). Further studies used specific siRNA to reduce either AKT1 or AKT2, using nontargeting NT1 siRNA as a control. Transfected cells exhibited a specific Ϸ60 -75% reduction in AKT1 or AKT2. Reducing either AKT1 or AKT2 also reversed strain-stimulated migration (n Ն 25, P Ͻ 0.01, Fig. 1F ). Since AKT also mediates the stimulation of cell adhesion by extracellular pressure in a matrix-independent manner (68), we assessed the effects of GSK blockade on Caco-2 adhesion to collagen in parallel. Interestingly, SB415286 did not prevent the stimulation of adhesion by increased pressure (28 Ϯ 10% and 21 Ϯ 4% for DMSO and SB415286, respectively, n ϭ 6, P Ͻ 0.001), suggesting a difference between pressure-mediated signaling in suspended cells before adhesion and strain-mediated signaling in already adherent cells.
PI3K but not AKT is required for ERK and p38 activation. Since the downstream MAPK ERK and p38 are each required for the motogenic effect of strain, we sought to determine whether PI3K and AKT are required for strain activation of these MAPK. PI3K inhibition blocked both ERK and p38 activation by strain, but AKT blockade did not prevent activation of either MAPK (n Ն 8, P Ͻ 0.05, Fig. 2, A and B) .
PI3K, AKT, and ERK phosphorylate GSK, whereas p38 does not. Blocking PI3K, AKT, or ERK each prevented GSK phosphorylation (n Ն 8, P Ͻ 0.01, Fig. 2, C-E ). p38 Inhibition with SB203580 did not prevent GSK phosphorylation (n ϭ 5, P Ͻ 0.03, Fig. 2F ).
IEC-6 cells respond similarly to Caco-2 cells.
To ensure that the observed signals were not important only in Caco-2 cells, we performed parallel studies in nontransformed rat intestinal IEC-6 cells. Similarly to Caco-2 cells shown here and previously (74), IEC-6 cells exhibited a 28 Ϯ 3% increase in wound closure in response to repetitive deformation. This response was similarly reversed by PI3K or AKT blockade and ablated by ERK or p38 blockade (n Ն 16, P Ͻ 0.05, Fig. 3 ).
FAK and Rac1 are upstream of PI3K and AKT, whereas Src is not. Since FAK, Src, and Rac1 influence migration in response to strain (11), we studied PI3K and AKT after blocking these kinases. PI3K blockade inhibited AKT phosphorylation in response to strain (n ϭ 9, P Ͻ 0.001, Fig. 4A ), but neither Src blockade (n ϭ 6, P Ͻ 0.05, Fig. 4B ) nor Ϸ60% Src reduction (n ϭ 10, P Ͻ 0.05, Fig. 4C ) prevented strain-induced AKT activation. However, reducing FAK or Rac1 by siRNA (Ϸ60 -80%) prevented the increased AKT phosphorylation in NT1-transfected cells (n ϭ 5, P Ͻ 0.05, Fig. 4D ). PI3K activation by strain was also prevented by reducing FAK or Rac (n ϭ 7, P Ͻ 0.001, Fig. 4E ). Figure 4F shows siRNA knockdown efficiency.
AKT phosphorylation is FAK925 dependent but FAK397
and 576/577 independent. To identify the FAK phosphorylation site responsible for this effect, we cotransfected wild-type FAK, FAKY397F, FAKY576/577F, or FAKY925F mutants with HA-tagged AKT2 at a 3:1 lower concentration to ensure that the HA-tagged AKT2 would be expressed in cells also expressing the relevant FAK construct. Strain stimulated phosphorylation of the coexpressed AKT in cells cotransfected with wild-type FAK, FAKY397F, or FAKY576/577F (n ϭ 12, P Ͻ 0.05, Fig. 5A ). However, cotransfection with FAKY925F, unphosphorylatable at Y925, prevented the downstream phosphorylation of AKT (n ϭ 3, P Ͻ 0.05, Fig. 5B) .
Role of MLC kinase in the motogenic effect. MLC is phosphorylated in response to deformation, and MLC kinase (MLCK) inhibition prevents this activation (57) . We sought to determine whether PI3K, AKT, GSK, p38, or ERK are required for MLC phosphorylation. p38 Inhibition did not alter strain stimulation of MLC phosphorylation at Thr18/Ser19 (n ϭ 4, P Ͻ 0.05, Fig. 6A ). However, PI3K, AKT, GSK, or ERK inhibition each blocked the strain-associated increase in pMLC observed in vehicle controls (In Ն 4, P Ͻ 0.01 for control, Fig. 6, B-D) . . Data summarize results of 6 -36 holes per experiment from at least 3 independent experiments (*P Ͻ 0.05, **P Ͻ 0.001). F: isoform-specific siRNA reduced AKT1 or AKT2 78 and 65%, respectively (blots). Reducing either AKT1 or AKT2 reversed the motogenic effect of strain across fibronectin (graph, n Ն 25, *P Ͻ 0.0001). t-, total; p-, phospho; NT1, nontargeting control SiRNA.
Neither Src inhibition by PP2 (n ϭ 9, P Ͻ 0.002, Fig. 7A ) nor reducing Src by siRNA (n ϭ 12, P Ͻ 0.05, Fig. 7B ) prevented strain-induced stimulation of MLC phosphorylation. In contrast, reducing FAK or Rac1 by specific siRNA each blocked strain-induced MLC phosphorylation (n Ն 7, P Ͻ 0.01 for controls, Fig. 7, C and D) .
DISCUSSION
Constant mucosal injury during normal bowel function requires repair to maintain the intestinal mucosal barrier (41) . Intestinal epithelial signaling may be affected by mechanical forces during digestion, such as peristaltic contraction, shear stress, and villous motility, whereas the mucosal barrier deteriorates in settings of sepsis, postsurgical ileus, and inflammatory bowel disease when such forces are altered (1, 18, 28) . Alterations in the forces applied to IEC can regulate intestinal epithelial motility (11, 74) , critical for mucosal wound healing, consistent with work in vascular endothelium and bone suggesting that physical forces regulate cell migration and other cellular biology (29, 40, 51) . Although Src, FAK, and ERK mediate strain stimulation of intestinal epithelial migration, the remainder of the pathway is poorly understood. In this study, we delineate a complex web of signals involving the PI3K/ AKT/GSK pathway upstream of ERK. The pathway seems to diverge and then converge on the MAPK and includes a separate and distinct previously unappreciated role for p38 in mediating the motogenic effects of strain. Although Src activation contributes to the stimulation of migration by repetitive strain, Src does not function via ERK (11) . FAK involvement at the focal adhesion regulates migration through the PI3K/ AKT axis via its Tyr925 site, whereas the Tyr397 autophos- A: blocking PI3K blocks strain-induced extracellular signal-related kinase (ERK) activation. Blocking AKT does not (n ϭ 10, *P Ͻ 0.05, **P Ͻ 0.01). B: similarly, PI3K inhibition prevents strain-induced p38 activation, whereas AKT inhibition does not (n Ն 8, *P Ͻ 0.05, **P Ͻ 0.01). Furthermore, strain-induced GSK phosphorylation was blocked by PI3K inhibition (C, n ϭ 9, *P Ͻ 0.01), AKT inhibition (D, n ϭ 8, *P Ͻ 0.0001), and ERK inhibition (E, n ϭ 10, *P Ͻ 0.0001). F: p38 inhibition did not block GSK phosphorylation (n ϭ 6, *P Ͻ 0.001). phorylation site and the Tyr576/577 Src-dependent phosphorylation site function through Src and control migration independently of PI3K and AKT. Finally, the downstream phosphorylation of MLC involves the PI3K/AKT/GSK pathway as well as ERK but is independent of p38.
PI3K and AKT were activated by strain and required for its motogenic effect. PI3K and AKT have previously been implicated in intestinal epithelial motility in the absence of deformation (61) and influence airway myocyte motility in response to strain (20) . AKT has numerous downstream substrates, including GSK-3␤, BAD, and MDM2, and its regulation is complex (39, 70) . Although our observations do not rule out a role for such other AKT substrates, GSK seems critical. GSK is active at baseline but inactivated when phosphorylated at serine-9. GSK has diverse functions, including microtubule destabilization (35) . Inactive GSK cannot phosphorylate adenomatous polyposis coli, a microtubule-associated protein, which then can bundle microtubules (5) . In LoVo colon cancer cells, parathyroid hormone-related protein stimulation activates PI3K and AKT with phosphorylation of GSK at serine-9 (inactivation) and subsequent increased cell migration (52) . This same pattern of GSK inactivation by AKT increases integrin expression and migration in fibroblasts (50) . Our data suggest a similar mechanism in which GSK is phosphorylated at serine-9 in response to strain by AKT, thus facilitating migration. In contrast, AKT activation with subsequent GSK inactivation may decrease IEC-6 migration although this was in response to polyamine depletion (65) , not to strain.
Reducing either AKT1 or AKT2 reversed the strain effect. AKT1 and AKT2 are ubiquitous; AKT3 is not expressed in the intestine (68) . Although AKT1 and AKT2 are highly homologous, they may play different roles. AKT1 but not AKT2 mediates the stimulation of cancer cell adhesion by increased extracellular pressure (63) , whereas AKT2 but not AKT1 mediates the stimulation of macrophage phagocytosis by increased extracellular pressure (54) . In mouse fibroblasts, AKT1 knockouts migrate more slowly, whereas AKT2 knockouts migrate more rapidly (75) . In contrast, downregulation of AKT2 inhibits epidermal growth factor (EGF)-stimulated breast epithelial cell migration, whereas downregulation of AKT1 stimulates migration (26) . AKT1 inhibition was sufficient to block migration in ovarian cancer cells though AKT2 was not investigated (43) . The blockade of strain stimulation of migration in our model by reduction in either isoform suggests either that both Fig. 4 . Upstream control of AKT activation. PI3K inhibition (A) blocked AKT activation (n ϭ 9, *P Ͻ 0.001), but neither Src inhibition (B, n ϭ 6, *P Ͻ 0.04) nor Src reduction by siRNA (C) prevented strain-induced AKT activation (n ϭ 10, *P Ͻ 0.05) in Caco-2 cells. However, reducing focal adhesion kinase (FAK) or Rac1 by siRNA prevented strain-induced phosphorylation of AKT (D, n ϭ 5, *P Ͻ 0.05) and PI3K p85 subunit (E, n ϭ 7, *P Ͻ 0.001). siRNA transfection achieved ϳ60 -80% knockdown as shown by immunoblot (F).
isoforms are individually required or that the effect is isoform independent but that total AKT levels were reduced sufficiently by reduction of either isoform to block strain-induced migration. We previously reported that total AKT is reduced by 30 or 70%, respectively, by siRNA to AKT1 or AKT2 in Caco-2 cells using the protocols employed here (63) . Interestingly, although pressure-stimulated Caco-2 cell adhesion is blocked by AKT1 reduction, it is not blocked by either AKT2 reduction or GSK blockade. The disparity between the effects of pressure on Caco-2 adhesion and the effects of strain on Caco-2 motility suggest that different physical forces may act by different pathways in the same cell.
Although ERK had previously been implicated in the regulation of intestinal epithelial migration by strain (74), p38 had not previously been investigated. p38 Does not mediate strain stimulation of intestinal epithelial proliferation on collagen (37), but our results suggest that p38 is required for strain stimulation of intestinal epithelial migration across fibronectin. In vascular endothelium from the pulmonary artery, ERK and p38 are each activated in response to strain, but neither seems required for strain regulation of endothelial migration (33) . In contrast, vascular myocyte p38 is phosphorylated in response to strain and stimulates migration (36) . Thus the role of p38 in mediating strain effects seems likely to be cell type and matrix specific. p38 Stimulates migration in intestinal cells subjected to some other stimuli as well, including insulin-like growth factor binding protein (17) , E-selectin, and adhesion (64) . However, lansoprazole-stimulated gastric epithelial migration requires ERK but not p38 (58) .
AKT is often viewed as the critical downstream substrate of PI3K, but PI3K modulates several different independent downstream mediators, including Ras, phospholipase D, and Rho (55) . Our data suggest that intestinal epithelial MAPK activation by strain on fibronectin requires PI3K but not AKT. Although AKT activation is also required for the motogenic effect of strain, the requirement for AKT activation appears independent of the MAPK. When stem cells on fibronectin differentiate, AKT decreases, whereas ERK increases (22) . In vascular endothelial cells, PI3K also regulates ERK-induced migration independently of AKT (49) . Our data suggest that the intestinal epithelial motogenic signal pathway induced by strain diverges here. PI3K activates the MAPK, and AKT phosphorylates GSK.
We have previously reported that Src, as well as FAK and Rac1, contributes to strain-induced cell migration across fibronectin (11) . Although Src is required for strain to stimulate migration across fibronectin, Src does not function through either AKT or FAK Tyr-925 in this system. Src has been reported to mediate AKT activation in monocyte chemotaxis (3) and breast cancer cell migration (27) . However, although Src and AKT are each increased following colonic epithelial exposure to EGF and both cooperate to promote Rac activation, increased cell motility in response to EGF receptor activation is independent of AKT (14). Our results suggest that Src contributes to strain-induced migration independently of PI3K or AKT. Similarly, Src has been reported to function through FAK, which influences migration in the absence of deformation (21) . However, we have previously reported that ERK activation by strain in intestinal epithelial cells on fibronectin requires FAK phosphorylation at Tyr-925 that occurs independently of Src although FAK phosphorylation at Tyr-397 and Tyr-576/577 in response to the same stimulus is Src dependent (11, 73) . AKT phosphorylation in response to strain is prevented by mutating the Tyr-925 phosphorylation site of FAK but not affected by mutating the Tyr-397 or Tyr-576/577 sites. Phosphorylation of FAK at Tyr-397 and Tyr-576/577 by Src influences migration by regulating integrins and cell-to-cell interactions in the absence of strain (47) . Thus Src may influence motility in response to strain via its effect on FAK Tyr-397 and Tyr-576/577 phosphorylation, but our previous results (11) , taken together with the present observations, seem to exclude a role for Src in the FAK Tyr-925 ERK-dependent pathway that we trace here.
Rac1 inhibition also blocks AKT activation with strain, suggesting that this is also a cooperative signaling pathway. This is similar to previous reports that Rac-induced fibroblast migration is blocked by PI3K or MAPK inhibition, suggesting Rac is upstream of these molecules (2) . Our data suggest that Rac is upstream of both PI3K and AKT.
MLCK phosphorylation of MLC is a critical event in the activation of nonmuscle myosin (24) and is increased during strain stimulation of intestinal epithelial migration (74) . In a previous preliminary study, we observed increased MLC phosphorylation in response to deformation even in the presence of the MEK inhibitor PD98059. However, in that study, the MEK inhibitor markedly attenuated basal ERK activity but did not completely prevent ERK stimulation by strain. In the present study, longer PD98059 preincubation completely blocked ERK (not shown) and prevented MLC phosphorylation in response to strain. This suggests that ERK is upstream of MLC in this pathway. Our present results also demonstrate that blocking p38 does not inhibit MLC phosphorylation. However, reducing FAK or blocking PI3K, AKT, or GSK each prevent increased phosphorylation of MLC in response to strain. Thus PI3K may play multiple roles in the motogenic effect of strain, leading to both an AKT-dependent, GSK-dependent activation of myosin and an AKT-independent activation of ERK and p38. The demonstration that the nonmuscle myosin inhibitor blebbistatin prevents strain stimulation of migration suggests the importance of MLC phosphorylation. This suggests another divergence in the pathway. FAK, Rac1, and PI3K are required for MAPK activation, but FAK, PI3K, AKT, GSK, and ERK are required for MLC phosphorylation, each of which are independently required for strain to stimulate motility. Although this is a poorly understood area, it is consistent with literature in some cancer and fibroblast models (53, 59) . Caco-2 MLC phosphorylation was not prevented by Src inhibition by PP2 (A, n ϭ 9, *P Ͻ 0.002) or Src reduction by siRNA (B, n ϭ 12, *P Ͻ 0.05), but reducing FAK (C) or Rac1 (D) by siRNA prevented strain-stimulated MLC phosphorylation (n Ն 7, *P Ͻ 0.01, **P Ͻ 0.0001) in Caco-2 cells.
Although stimulation of migration by strain may seem modest, these results are highly statistically significant. Such apparently small changes may very well be important in an intricately and tightly regulated biological system that is experiencing constant injury to the mucosal layer. We (7, 11) and others (4, 19, 34, 67) have studied changes in cell migration, proliferation, or cell signaling in intestinal epithelial cells of similar magnitudes in response to other stimuli. Such differences in the speed of gut epithelial restitution could be enough to determine whether a mucosal wound heals or whether the mucosal barrier breaks down in vivo. Furthermore, strain effects are amplitude dependent (7) . The mucosa in vivo experiences more than 10% deformation and would likely exhibit greater effects of strain in vivo though the in vitro strain amplitude is limited by the experimental apparatus available.
Although studies confirming that this signal pathway mediates a motogenic effect of strain in vivo would be beyond the scope of the present manuscript, previous in vivo observations by our group and others seem consistent with this concept. The gut mucosa is subject to constant repetitive injuries that it normally heals without difficulty to maintain the mucosal barrier that prevents the movement of enteric bacteria into the body (41) . However, the mucosal barrier frequently fails in critically ill patients with chronic hypomotile ileus and often elevated plasma fibronectin levels, leading to bacterial translocation and the development of chronic inflammatory response syndromes (32, 66, 72) . Although the etiology of this barrier failure is likely to be multifactorial, in vitro observations like the present manuscript suggest that the decreased patterns of mucosal strain associated with such ileus may impede healing and contribute to this pathology. Repetitive intestinal deformation is associated increased tyrosine kinase activity in small and large intestinal mucosa in vivo (6) , and strain also stimulates enterocyte proliferation and mucosal hypertrophy in vivo (56) . Murine partial small bowel obstruction at a defunctionalizing Roux-en-Y anastomosis is associated with increased luminal pressure and retarded healing of experimental mucosal ulcers independently of luminal flow (16) . In vitro studies (16) suggest that increases in extracellular pressure slow intestinal epithelial cell migration, so these observations are consistent with the concept that a physical force can influence intestinal epithelial healing in vivo without contradicting the prediction that repetitive deformation can influence mucosal healing in a different direction. Different physical forces can often have different effects (62, 74) . Although experimental difficulties have impeded the precise delineation of force-activated motogenic signal pathways in the intact intestine in vivo, the signals implicated here in the motogenic effects of repetitive deformation have also been demonstrated to regulate intestinal epithelial wound healing in vivo in other settings. For instance, PI3K signaling is required for prostaglandin-induced mucosal healing after ischemia (38) , and ERK has also been strongly implicated in mucosal ulcer healing (31, 45, 46, 60) . The extrapolation that activation of these signals by repetitive deformation also stimulates mucosal healing therefore seems plausible.
Taken together with our previous observations on the role of Src and FAK, these results both implicate a series of signals in mediating the stimulation of intestinal epithelial cell migration by mechanical deformation and, by deduction from the effects of blocking each signal upon the others, begin to delineate the complex pathway that regulates this effect. Upstream, Src controls migration through a mechanism separate from PI3K that involves FAK Tyr-397 and Tyr-576/577 phosphorylation, whereas Tyr-925 phosphorylation and Rac1 work through PI3K to subsequently activate AKT and ERK independently. AKT phosphorylates GSK and subsequently activates MLC to promote migration, whereas p38 acts independently of this subpathway. The pathway reconverges because ERK seems to also regulate GSK phosphorylation. Our data suggest that both AKT and ERK activation are each independently required for GSK phosphorylation in response to deformation. Although the mechanism by which deformation promotes intestinal epithelial motility is not completely delineated, targeting the elements of the pathway identified here could promote mucosal healing in patients with prolonged ileus, sepsis, or inflammatory bowel disease and preserve the mucosal barrier.
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